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Abstract Optical fiber current transformer (OFCT) is widely used in flexible DC 
transmission to improve the ability of information perception of power grid, and 
optical fiber insulator is the key component of OFCT to provide insulation and 
protection. However, discharges in optical fiber insulator seriously affect the stable 
operation of the power system. Here, the effect of material characteristics of different 
parts on the electric field distribution in insulator is explored to figure out the inner 
discharge mechanism. A ± 400 kV optical fiber insulator 3D simulation model is 
constructed in COMSOL Multiphysics, and differences in the electric field distri-
bution in the insulator are compared and analyzed by finite element method under 
different conductivity of materials. The results show that the conductivity of the fiber 
coating and filling compound significantly affects the electric filed at interfaces in the 
insulator flange sections. The semiconducting fiber coating results in a mismatched 
potential into the flange sections at both terminals, which further leads to a remark-
able electric field distortion on the inner wall of fiber sheath at the interface between 
the sheath and coating layer. The maximum electric field at the interface is even up to 
84.5 kV/mm. The electric field distortion also occurs at the interface between epoxy
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tube and filling compound when the conductivity of the filling compound increases. 
Therefore, the increases in conductivity of the fiber coating and filling compound 
leads to electric field distortion at interfaces, which can cause discharges in the optical 
fiber insulator. 

Keywords Finite element simulation · Electric field · Optical fiber insulator ·
Conductivity 

1 Introduction 

Flexible high-voltage DC transmission based on modular multilevel converts has 
a broad application prospect in renewable energy power generation, long-distance 
power transmission and so on [1–4]. Flexible DC transmission requires higher 
sampling accuracy, response speed and dynamic range, which makes optical fiber 
current transformer (OFCT) widely used in various flexible DC transmissions 
because of its fast response speed and wide measurement range [5, 6]. 

Kunliulong project is the first ± 800 kV multi-terminal flexible DC transmis-
sion project in the whole world [7–10]. However, a large number of optical fiber 
current transformers failed due to the damage of optical fiber insulators. After carful 
dissection, it is found that the failure of the optical fiber insulator is derived from 
the internal discharges, especially at the interfaces between different materials in the 
metal flanges at high- and low-voltage terminals, which seriously threats the stable 
operation of the power system. 

In order to improve the stability of the OFCT, it is urgent to explore the mechanism 
of discharges in the optical fiber insulator. In this work, the effect of material charac-
teristics on the electric field distribution in the optical fiber insulator is systematically 
studied using finite element simulation method. As the conductivities of fiber coating 
and filling compound change, the fluctuations in the internal electric field distribution 
characteristics of the insulator are calculated and analyzed. The influence of material 
conductivity on the electric field distortion is then discussed to figure out the origin 
of discharges. 

2 Methodology 

2.1 3D Simulation Model of Optical Fiber Insulator 

A ± 400 kV optical fiber insulator is utilized to study the effect of material charac-
teristics on the electric field distribution. The 3D simulation model of the insulator is 
shown in Fig.  1. The optical fiber insulator is composed of silicone rubber shed, epoxy 
tube, filling compound and optical fiber unit from outside to inside. The optical fiber
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Fig. 1 3D simulation model of the optical fiber insulator 

Table 1 Structures and electrical parameters of materials 

Structure Material Conductivity (S/m) Permittivity 

Flange Steel 1.00 × 106 1.00 

Shed Silicone rubber 3.57 × 10–14 3.35 

Epoxy tube Epoxy resin 1.30 × 10–13 4.92 

Filling compound Multicomponent mixture 1.00 × 10–13 2.08 

Optical fiber sheath ETFE 1.33 × 10–15 2.48 

Coating layer Semi-conductive coating 1.25 × 10–9 36 

Optical fiber core Silica glass 1.00 × 10–14 3.75 

unit consists of the fiber sheath, coating layer and fiber core. Materials and electrical 
parameters of each structure are shown in Table 1. By dissecting the damaged optical 
fiber insulator, it is found that the discharge occurs in both high- and low-voltage 
flange terminals. Given that, our work is focused on the above-mentioned positions. 

2.2 Calculation Principle 

Electric field strength can be calculated from Maxwell’s equations. Since the optical 
fiber insulator is operated under DC voltage, the simplified Maxwell’s equations of 
constant current field are used, which can be expressed as follows,
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{∇ ·  J = Q 
E = −∇V 

(1) 

where J is current density vector, Q is quantity of charge, E is electric field strength 
vector, V is potential. 

For isotropic media, the constitutive relations are as follows,

{
J = σ E 
D = ε0εr E 

(2) 

where σ is conductivity, D is electric displacement vector, ε0 is dielectric constant 
of vacuum, εr is relative dielectric constant of media. 

These quantities must obey the principles followed with boundary conditions. The 
boundary of the simulation domain is electrically insulating, which can be expressed 
as follows, 

n · J = 0 (3)  

where n is normal vector. 
Considering the operating conditions of OFCT, the metal flanges at the high-

voltage terminal VH and at the low-voltage terminal VL are set to 400 kV and 0 kV, 
respectively.

{
VH = 400 kV 
VL = 0 

(4) 

The geometric model is divided into free tetrahedral mesh cells for 3D finite 
element calculation based on the above equations and boundary conditions. The 
electric field distribution is obtained from electric potential by solving the partial 
differential equation for the three-dimension domain. 

3 Results and Analysis 

3.1 Distribution of Potential and Electric Field 

Figure 2 shows the potential distribution at the terminals of the optical fiber insulator. 
It is found that the potentials on the silicone rubber, epoxy tube and filling compound 
synchronously increase when gradually approaching the high-voltage terminal. In 
the flange section, all potentials on these materials remain at 400 kV. However, the 
voltage in the potential distribution graph shows an obvious difference between the 
coating layer, fiber core and outlet of the fiber. It inevitably leads to a potential 
gradient on the fiber sheath. Similarly, the potential of the coating layer and fiber
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core at the low-voltage terminal in the flange section is higher than that of the outlet 
parts. It also results in a potential gradient on the fiber sheath in the low-voltage 
terminal, which further produces a radial electric field strength. 

The potentials of the filling compound and coating layer along the axial direction 
are extracted and shown in Fig. 3. It is found that the electric potentials on the filling 
compound and the coating layer remain consistent out of the flange sections, while 
the potential difference between them occurs near and in both flange sections. And 
the largest potential difference is observed in both flange sections. This is because the 
semiconducting fiber coating layer exhibits a slower change in potential compared 
with the insulating filling compound in both flange sections. Therefore, the conduc-
tivity of materials in the optical fiber insulator plays an important role in electric 
potential distribution. 

(a) (b) 

Fig. 2 Potential distribution at a high-voltage terminal and b low-voltage terminal 

Fig. 3 The distribution of electric potential along the axial direction
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(a) (b) 

Fig. 4 Electric field distribution at a high-voltage terminal and b low-voltage terminal 

Figure 4 shows the electric field distribution at high- and low-voltage terminals 
of the optical fiber insulator, respectively. An electric field distortion occurs in the 
fiber sheath and the highest electric field strength appears on the inner wall of fiber 
sheath at interfaces between the fiber sheath and coating layer. The direction of the 
electric field is dependent on terminals, where the electric fields at the high-voltage 
and low-voltage terminals are inward and outward, respectively. It is consistent with 
the calculation results of potentials. The maximum electric field strength in the fiber 
sheath is up to 84.5 kV/mm. It must be considered that the interfaces between the 
fiber sheath and coating layer should be taken into account as a critical part due to 
the large difference in conductivity for the fiber sheath and coating layer, where the 
order of magnitude is larger than 6. 

The electric field for each component along the radial direction passing through 
the axis in the flange section is shown in Fig. 5. It is apparent that the epoxy tube and 
filling compound are not subjected to any radial electric field. The highest value of 
the electric field is localized in the fiber sheath, and the maximum value appears at 
the interface between the fiber sheath and coating layer. The high peak amplitude of 
the electric field is above 4 × 107 V/m. Therefore, the internal discharge mechanism 
of the optical fiber insulator can be illustrated. The electric field on the inner wall 
of the fiber sheath in the metal flange section is much larger than that around it, 
which is easy to trigger a discharge. Meanwhile, the multicomponent interface also 
can continuously accumulate space charges under the strong radial DC electric field, 
which will further promote the discharge. In order to further explore the influence 
of conductivity characteristics of materials on discharges, the changes in electric 
field distribution with the conductivity of the fiber coating and filling compound are 
calculated and analyzed.



FEM Analysis of Electric Field Distribution Under Different Material … 641

Fig. 5 Distribution of electric field strength along the radial direction 

3.2 Variation of Electric Field Distribution 
with the Conductivity of Coating Layer 

Figure 6 exhibits the change in the maximum electric field strength on the fiber 
sheath with the conductivity of coating layer. The calculation result indicates that the 
electric field magnitude is strongly dependent on the conductivity of fiber coating 
layer. When the conductivity ranges from 10–14 to 10–5 S/m, the maximum electric 
field strength varies by up to 4 orders of magnitude. The electric field distortion can be 
ignored when the conductivity is below 10–13 S/m. However, the maximum electric 
field strength sharply enhances as the conductivity increases and the maximum value 
on the fiber sheath finally reaches a limit value exceeding 1000 kV/mm.

3.3 Variation of Electric Field Distribution 
with the Conductivity of Filling Compound 

Besides the fiber coating layer, the effect of the filling compound on the electric field 
distribution is also needed to be considered because its conductivity is sensitive to 
moisture. As expected, an electric field distortion is detected on the inner wall of the 
epoxy tube at the interfaces between the epoxy tube and filling compound, as shown 
in Fig. 7a. Figure 7b shows the change in the maximum electric field strength on 
the epoxy tube with the conductivity of filling compound. The result reveals that the 
electric field magnitude is also highly related to the conductivity of filling compound. 
The maximum electric field strength varies by around 3 orders of magnitude in the
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Fig. 6 The maximum 
electric field strength on the 
fiber sheath varies with the 
conductivity of coating layer

range of 10–14 to 10–6 S/m. The electric field distribution is almost uniform when the 
conductivity is below 10–13 S/m. Nevertheless, the maximum electric field strength 
significantly increases as the conductivity increases and the maximum value on the 
epoxy tube eventually reaches a stable value around 100 kV/mm. Therefore, both 
conductivities of the fiber coating layer and filling compound are important material 
characteristics on the electric field distribution. Given conductivities of the fiber 
coating layer and filling compound, it can be concluded that once the conductivity 
of the filling compound is higher than that of the coating layer, the electric field 
distortion in the insulator will be transferred from the fiber sheath to the epoxy tube, 
as illustrated in Fig. 7b. 

Fig. 7 a Electric field distortion on the inner wall of the epoxy tube and b the maximum electric 
field strength on the fiber sheath and the epoxy tube
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4 Conclusion 

The discharge mechanism of the optical fiber insulator is explored by discussing 
the effect of material characteristics on the electric field distribution through finite 
element simulation method. The results show the internal discharge is derived from 
the obvious electric field distortion at the interfaces between multicomponent in 
metal flange sections at both high- and low-voltage terminals. The difference in 
conductivity of internal materials results in mismatched electric potential, which 
further leads to a radial electric field. Under operating conditions, the electric fields 
on the inner wall of the fiber sheath and epoxy tube at interfaces can be strongly 
distorted as the conductivities of fiber coating layer and filling compound increase. 
Therefore, the conductivity of the materials plays a dominant role in electric field 
distortion and thus the discharges. It is necessary to keep the conductivity of materials 
in optical fiber insulators well matched. This work provides a theoretical basis for 
understanding and preventing the failure of OFCT. 
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